Introduction
It is common knowledge that the application of heat to strained muscles aids the healing process. The currently accepted understanding of this restorative effect is that elevated temperatures induce vasodilation and enhance the transport of nutrients and wastes to and from the site of injury. We hypothesize that in addition to enhancing microvascular transport, hyperthermia invokes the heat shock response, which is a potent repair mechanism for intracellular damage.
The heat shock response ͑HSR͒ can be initiated under a variety of conditions with thermal stresses being the most well documented ͓1͔. During the HSR, certain heat shock proteins ͑HSPs͒ such as HSP70, which function to repair intracellular proteins and membranous organelles, are overexpressed and increase the speed of healing of cells and tissues treated by hyperthermia ͓2-5͔. The mechanisms of healing via HSP expression are not fully known, but one may speculate based on their constitutive activity of aiding nascent polypeptides in folding and their heat shock induced function of repairing denatured proteins ͓6͔ that their primary involvement in the tissue level healing process is to repair damaged or misfolded proteins. From Refs. ͓2-5,7͔ one can add that HSPs may be involved in enhancing membrane integrity, phagocytosis by macrophages, and reduction in edema. Furthermore, a universally applicable quantitative relationship between HSPs and tissue healing has not yet been well established. Indeed, only one such study in the literature was found on the relationship of HSP expression and healing ͓7͔. We believe that the results of the model discussed here will help to spur interest in quantifying the relationship between HSP70 expression and healing.
We hypothesize that over the counter heat wrap devices, which are able to generate elevated temperatures at the skin's surface for up to 8 h, can initiate the HSR in the dermis, fat, and muscle tissues that underlay the area to which they are applied ͓8-10͔. To test the feasibility of this hypothesis we have developed a finite difference model for the transient temperature field elicited in contacted tissues by application of a typical heat wrap to the lower back. The temperature data then are coupled to existing data from our laboratory ͓11,12͔ for the expression kinetics of HSP in response to heat shock to predict whether a heat wrap can produce significantly elevated levels of HSP and thereby contribute to the healing of injured tissues.
Methods

Thermal Model.
The model is based on the Pennes bioheat equation ͓13͔.
includes the effect of blood perfusion and metabolic heat generation of the tissue. The solution obtained is a finite difference forward method implemented in MATLAB. In the present application it is important that both the perfusion and metabolism be considered to be functions of the local temperature and tissue type. The temperature dependence of perfusion is derived from the literature ͓14͔. The implementation of temperature dependent metabolism is based on the oxygen consumption values of the various tissues at 18°C and 38°C as well as an interpolation relation ͓15͔. The expression for metabolism is given in Eq. ͑2͒ for which the constitutive property values are defined in Table 1 ,
where in the fourth term 2.03ϫ 10 7 is a conversion factor relating oxygen consumption to metabolic heat generation ͓16͔, and 5.95 ϫ 10 −9 and 8.21ϫ 10 −8 are the slope and y-intercept, respectively, for a linear fit of the metabolic rate to temperature. The solution of Eq. ͑2͒ with appropriate initial and boundary conditions provides a description of how the temperature will change with time and position from the skin to deep muscle while a heat wrap is being worn. The values for T art , T crit , and max were adjusted to achieve a good level of agreement between the model and experimental data and were also guided by data from the literature ͓17,18͔. T art was required to be close to the core body temperature and T crit was guided by data in Ref. ͓19͔ . The selection of max was derived from a broad database in Ref. ͓20͔ and on the assumption that maximum blood flow at the highest temperatures may be as much as three times the baseline ͓19͔.
System Geometry and Thermal Boundary Conditions.
The physiological system was modeled as a semi-infinite composite solid where the temperature at a certain depth into the body is unaffected by the temperatures produced by the heat wrap. This assumption is based on the homeostatic mechanisms that maintain the core temperature to be on an average of 37°C and with the heat produced by the heat wrap, the core temperature is predicted to be unaffected. Our system geometry is divided into three composite layers of skin, fat, and muscle, as shown in Fig. 1 , onto which a linear one dimensional finite difference grid was overlaid for the solution of Eq. ͑2͒. The chosen dimensions for each layer are generic values meant to apply across a broad population, although there may be large variations. The initial temperature distribution within the modeled tissues was generated by our model under the constant surface temperature of 25°C until a steady state was achieved. The steady state temperature profile was then implemented as the initial temperature distribution in subsequent simulations.
The heat wrap is composed of cloth containing 16 pods, approximately 3 cm in diameter, which contain a mixture of chemicals that undergo an exothermic reaction when exposed to oxygen. Surface boundary conditions were generated by wearing a heat wrap applied to the surface of the back on top of a cotton undershirt and a thermocouple. This temperature measurement generated a defined temperature-time profile at surface location B1. The material interfaces between skin-fat and fat-muscle ͑B2 and B3͒ are assumed to be governed by continuity of heat flow and temperature due to their intimate association within the body. The interior-most boundary condition ͑B4͒ is assumed to be insulated, which provided a better fit with data from the literature ͓18͔ for deep thermocouple measurements in subjects wearing the same wrap that we modeled ͑ThermaCare HeatWraps͒. We also modeled an isothermal interior boundary at B4 but were not able to achieve acceptable correlation with the experimental data ͓18͔.
Furthermore, it is not the tissue that maintains the constant temperature deep within the body, but the perfused blood that is assumed to be isothermal during the time course of the model simulations.
Heat Shock Protein Expression Kinetics.
The temperature history in the layers of tissue in the back was applied to data previously published by our laboratory for HSP expression kinetics to predict the causative influence of wearing a heat wrap on enhancing the HSP expression ͓11,12͔. In particular, the possibility of elevated HSP in the muscle layer was of interest for potential therapeutic benefit. Continuously measured HSP70 expression data in an endothelial cell model for graded heat stress ͓11͔ were interpolated using MATLAB to generate a continuous function for HSP concentration with the local time and temperature. The data were obtained in bovine aortic endothelial cells ͑BAECs͒ with methodological details reported in Ref. ͓11͔ . These data represent the most complete measurement to date of HSP70 kinetics for the longest durations of heating for any known cell type.
In addition, we assumed that for temperatures of 34-37°C and above 50°C, HSP levels would be at a baseline normalized value for HSP70/actin concentrations of 1 and 0, respectively. These assumptions follow from the assumption that at room temperature the skin's surface is on average at 34°C, and deeper into the back the highest temperature achieved would be 37°C. Furthermore, without heating the HSP70/actin level should be considered at baseline and is assigned the value of 1. Data points at 50°C are assigned zero HSP70/actin because this level of heating causes cell death before HSP70/actin levels can be elevated ͓23͔.
The MATLAB "mesh" cubic interpolation algorithm was used to develop a continuous surface of HSP70/actin concentration from the available data as a function of time and temperature of exposure, as shown in Fig. 2 . A few select data points were supplied from other experiments published by our laboratory to fill in the time and temperature coverage necessary to build a continuous model of the thermal dimensions of the heat wrap device ͓12͔. This interpolation represents data set where HSP70/actin concentration can be predicted given the temperature and duration of heating.
Results
The model was run for simulations of 180 min, at which time the temperature distribution approached the steady state. The thermal boundary condition input on the surface of the skin is the temperature that is measured while using a heat wrap. This interface temperature increased to approximately 41°C. Figure 3 presents plots of the calculated temperature history at graded locations from the skin surface to the innermost position in the muscle. These data show that in the deep muscle of the back 20 mm from the skin surface, there is a temperature rise greater than 38°C, which persists for more than 1 h. At more superficial depths, the temperatures are progressively closer to that of the heat wrap, approaching 40°C. The inflection point in the plot at Figure 4 presents a comparison of the intramuscular temperature history measured at 20 mm from the skin surface ͓18͔ with the thermal model at the same depth and tissue type. Note that the two profiles track well over most of the heating period. The agreement is generally within 0.1°C except for one unexplained transient dip in the experimental curve. Figure 5 presents the prediction of HSP expression as a function of depth into the tissue. As expected, the increase in HSP concentration is proportional to the elevation in temperature caused by the heat wrap. There is approximately a 1.7-fold increase in the HSP70 expression in the muscle at a depth of 20 mm from the surface of the skin for 120 min of surface heating near 40°C. The plot does not plateau at 120 min as cells are still in the process of increasing HSP70 expression. HSP70 expression can last for 8 h or more after a thermal stress and is characterized by earlier and later peaks separated by several hours ͑see Fig. 2͒ ͓23͔. The downward trend between 120 min and 180 min is explained as the downturn in the HSP expression just prior to the first of two peaks in the HSP70 expression ͑see Fig. 2 at approximately 37°C and 2 h͒. This trend also demonstrates the nonlinear relationship between temperature history and HSP70 expression kinetics.
Discussion
This modeling study predicts HSP70 expression to be enhanced in the deep tissues of the back when a heat wrap is worn in conjunction with a moderate but prolonged rise in temperature. We demonstrate a 1.8-fold increase in the HSP70 expression due to an applied surface temperature of about 41°C for 3 h. The heat wrap in question is able to maintain this level of heating for at least 8 h per application, depending on environmental conditions such as ambient temperature and thermal insulation placed over the wrap. Based on the extrapolation of HSP70 expression data for times consistent with the heating duration of a wrap, we believe that HSP70 expression could exceed our predictions in the present study into a range believed to generate therapeutic results ͓7͔ and thus contribute further to the healing of injured tissues. This model was applied to HSP70 expression data derived from experiments on BAECs. These cells are distinguished from epithelial cells, adipocytes, or myocytes, and we anticipate that extrapolating their behavior to muscle tissue will introduce an underestimate of the HSP expression. Unfortunately, there are no data sets for relevant cell types as complete and with the long durations of heating needed in this study ͓23͔. Yet, there is evidence that the baseline HSP70 expression of bovine skeletal muscle is several times greater than in the myocardium ͓24͔. Furthermore, this difference is corroborated by a threefold increase in the HSP70 expression in skeletal muscle for 30 min of systemic hyperthermia demonstrated in Ref. ͓7͔ . As a result, it is thought that the HSP70 expression in the muscles of the back may be even higher than what is predicted in this study and therefore of greater therapeutic potential.
It is known from the literature that the pattern of local perfusion may vary with time such that there is an increase for constantly applied, ambient temperatures greater than 35°C ͓19͔. This increase occurs approximately 60 min after the heating begins. The effect of time dependent perfusion would be either to increase or decrease the temperatures in the deep tissues depending on whether the temperature of the tissue is lower or higher than that of the blood, respectively. The model reported here employs a simple characterization of the temperature dependence of perfusion, with no temporal perfusion effects included. We believe that the implementation of a time dependent perfusion would result in a reduction in the HSP70 expression, but would not be able to completely reduce the HSP70 expression due to the 60 min delay in increased perfusion during which time our model accurately reflects the physiologic state.
Finally, we assume a linear temperature dependence of metabolic heat generation, and though it is unlikely that metabolism varies linearly throughout the range of temperatures encountered in all physiologic states, we do not foresee this simplification as affecting our results greatly based on sensitivity tests simulated with the model.
Conclusion
In summary, this modeling study provides a first indication that the benefits of local hyperthermia applied to muscular injuries may be related to enhanced activity of HSP as well as increased blood perfusion in affected tissues. These results warrant further experimental investigations into the enhancement of the HSP expression in skeletal muscle by local hyperthermia and the correlation between HSP expression and healing. Confirmation of this phenomenon could lead to device and therapeutic protocol design tailored to take advantage of the heat shock response.
